The gene encoding thermostable α-amylase from Bacillus licheniformis consisting of 483 amino acid residues (mature protein) was cloned and expressed in Escherichia coli under the control of T7 promoter. The analysis of the soluble and insoluble fractions after lyzing the host cells revealed that recombinant α-amylase was produced in insoluble aggregates. Despite being produced in the insoluble aggregates the recombinant enzyme was highly active with a specific activity of 408 U/mg.
Introduction
Starch is one of the most abundantly distributed polysaccharides in nature and it is composed of two high molecular-weight compounds: amylose (15-25%) and amylopectin (75-85%). Amylose is a linear chain of glucose residues linked with α-1,4 bonds, whereas amylopectin is a branched polymer in which α-1,4-linked glucose units are branched at every 17-26 residues with α-1,6 linkages (Bertolodo & Antranikian 2002) . A wide variety of organisms are able to degrade and utilize this natural biopolymer as a source of energy by secreting amylolytic enzymes that belong mainly to three families of glycoside hydrolases (GHs) : GH13 -the α-amylase family (Kuriki et al. 2006 ), GH14 -β-amylases and GH15 -glucoamylases (Henrissat 1991; Janecek 1997) . Nearly 10% of the amylolytic enzymes are able to bind and degrade raw starch. Usually a distinct domain, the starch-binding domain, consisting of several β-strands forming a distorted β-barrel structure is responsible for the ability of an amylase to bind and digest the native raw starch (Janecek & Sevcik 1999; Janecek et al. 2003; Machovic et al. 2005; Machovic & Janecek 2006) . The amylolytic enzymes include glycosidases and transglycosidases which consist of enzymes with approximately 30 different specificities (Oslancova & Janecek 2002) .
Carbohydrate-Active Enzyme (CAZy) database describes the present knowledge on 113 protein GH families that are responsible for the hydrolysis and/or transglycosylation of glycosidic bonds (Cantarel et al. 2009) . Genes coding for GHs are abundant and present in the vast majority of genomes and correspond to almost half of all the enzymes classified in CAZy.
α-Amylases are ubiquitous enzymes produced by bacteria, fungi, higher plants and animals (Janecek 1997) . Among bacteria, species of genus Bacillus are widely used for the α-amylase production. Bacillus subtilis, Bacillus stearothermophilus, Bacillus licheniformis and Bacillus amyloliquefaciens are known to be good sources of α-amylase and have been used for commercial production of the enzyme for various industrial applications (Shahhoseini et al. 2003; Gangadharan et al. 2006 Gangadharan et al. , 2008 Sivaramakrishnan et al. 2006 ). Due to industrial importance, several enzymes from the α-amylase family were subjected to overproduction in different recombinant systems (Sibakov 1986; Suominen et al. 1995; Marco et al. 1996; Jorgensen et al. 1997; Lin & Hsu 1997; Park et al. 1997) . The expression of recombinant genes in Escherichia coli often results in the accumulation of insoluble and inactive protein aggregates (Marston 1986; Hockney 1994; Thomas & Baneyx 1997) .
In this study the α-amylase gene from a strain of B. licheniformis has been expressed in E. coli and production of insoluble but enzymatically active protein is described.
Material and methods
Bacterial strains, culture conditions and plasmids B. licheniformis ATCC 27811 was used in this study as a source of the α-amylase gene. E. 
General DNA manipulation
Restriction enzymes (Fermentas) and DNA polymerase (Toyobo, Osaka, Japan) were commercially purchased. Each enzyme was used according to the recommendations of the manufacturer. DNA ligations were performed using DNA ligation kit (Fermentas). Genomic and plasmid DNAs were isolated by using genomic and plasmid DNA isolation kits (Fermentas). A DNA purification kit (Fermentas) was used to isolate DNA fragments from agarose gels. E. coli strains DH5α and BL21-CodonPlus(DE3)-RIL were transformed by calcium chloride method (Sambrook et al. 1989 ).
Construction of recombination plasmid
A set of two oligonucleotide primers was designed based on the α-amylase gene sequence of B. licheniformis (GenBank accession number AY630336) (Rivera et al. 2003) . The forward primer, 5'-CATATGAAACAACAAAAACGGCCT TTACGCCCG-3', was designed on the basis of the Nterminal amino acid sequence of the α-amylase, and a unique NdeI restriction site (shown in bold) was introduced. The reverse primer, 5'-CTATCTTTGAACATAAATTGA AACCGACCCGCCG-3', was designed on the basis of the C-terminal amino acid sequence. These two primers were used for amplification of the gene by polymerase chain reaction (PCR). The PCR was performed using Taq DNA polymerase (Fermentas) as follows: 3 min at 95 • C (30 cycles). The PCR amplified DNA fragment was inserted into pTZ57R/T cloning vector (Fermentas) and the resulting recombinant plasmid was named pTZ57R/T-amy. After confirming the sequence, the NdeI-HindIIII restriction fragment was inserted into the pET-21a expression vector at the corresponding sites. The resulting plasmid, pET-amy, was used to transform the E. coli strain BL21-CodonPlus(DE3)-RIL. Host cells carrying pET-amy plasmid were grown overnight at 37
• C in LB medium containing ampicillin (50 µg/mL). The culture was diluted (1%) into fresh LB medium (1 L) containing ampicillin (50 µg/mL) and the cultivation was continued until OD660 reached 0.4. Heterologous expression of the α-amylase gene was induced by the addition of 0.5 mM (final concentration) isopropyl-β-Dthiogalactopyranoside (IPTG) and incubation was carried out for another 4 h at 37
Solubilization and refolding of insoluble aggregates Host cells were harvested by centrifugation at 6,000×g for 10 min and washed with 50 mM Tris-HCl buffer (pH 8.0). The cell pellet was re-suspended in the same buffer, and the cells were then disrupted by sonication. Soluble and insoluble fractions were separated by centrifugation (13,000×g for 30 min). The recombinant α-amylase in the insoluble form was denatured by boiling for 5 min in 6 M urea and then refolded by fractional dialysis in 4, 3, 2, 1 and 0 M urea in 50 mM Tris-HCl (pH 8.0) and 1 mM dithiothreitol.
Protein determination
The concentration of proteins in solution was determined by Bradford method (Bradford 1976 ) with the Bio-Rad protein assay reagent (Bio-Rad Laboratories, Hercules, CA, USA) using bovine serum albumin as a standard. The standard curve was plotted using 2 to 20 µg of bovine serum albumin in 1 mL of Bio-Rad protein assay reagent. The incubations were made at room temperature for 5 min and the absorbance was measured at 595 nm.
Electrophoretic analyses DNA samples were analyzed by 0.8% agarose gel electrophoresis followed by staining with ethidium bromide and visualizing under the UV light. Protein samples were analyzed by polyacrylamide gel electrophoresis (PAGE) in the presence of 0.1% sodium dodecyl sulfate (SDS) followed by staining with Coomassie brilliant blue (CBB).
Plate assay E. coli strain BL21-CodonPlus(DE3)-RIL containing the recombinant plasmid pET-amy was inoculated on LB agar plate containing 0.5% soluble starch, 50 µg/mL ampicillin and 0.5 mM IPTG. Overnight incubation was done at 37
Following incubation, the plates were stained with an iodine solution (0.005% [wt/vol] I2 and 0.05% [wt/vol] KI). The enzyme activity was examined by a clear zone formation around the colony.
For examining the enzyme activity in the soluble and insoluble fractions, the cells from 1 L culture were harvested and lyzed by sonication in 30 mL of 50 mM Tris-HCl buffer (pH 8.0). Soluble and insoluble fractions were separated by centrifugation at 15,000×g for 20 min. The insoluble fraction was re-suspended in 30 mL of 50 mM Tris-HCl buffer (pH 8.0). One drop (2 µL) from each fraction was spotted on starch agar plate and incubated at 55
• C for 30 min. Staining was done as described above.
Enzyme activity assay
The quantitative assay for starch-degrading activity was based upon the decrease in absorbance (blue value) of the iodine-amylose complex due to starch degradation. The enzyme solution (50 µL) was incubated at 80
• C for 15 min with 90 µL of 1% soluble starch solution, and the reaction was terminated by quenching on ice. The reaction mixture (10 µL) was removed and mixed with 100 µL of 0.1 N NaOH. This solution (100 µL) was mixed with 2 mL of iodine solution, and the absorbance of the mixture was measured at 660 nm (Rashid et al. 2002) . The control experiment contained all the reagents but without enzyme.
Results and discussion
The PCR using sequence specific primers for α-amylase gene from B. licheniformis resulted in the amplification of 1.5 kbp DNA fragment (Fig. 1A) . The PCR amplified DNA fragment was ligated in pTZ57R/T cloning vector and E. coli DH5α cells were transformed. In order to analyze whether the recombinant plasmid contained the PCR amplified fragment, the recombinant plasmid was digested with restriction enzymes EcoRI and HindIII. The digestion resulted in the liberation of 1.5 kbp DNA fragment from the vector indicating that the recombinant plasmid contained the PCR amplified DNA fragment (Fig. 1B) . Complete nucleotide sequence of the insert was determined in both strands N. Rashid et al. and there was no discrepancy in both sequences. The results of DNA sequencing confirmed that the cloned fragment encodes the α-amylase from B. licheniformis (Rivera et al. 2003) .
After confirmation of the DNA sequence, the gene was cloned in pET-21a expression vector utilizing the NdeI (introduced in the forward primer) and HindIII (multicloning site in pTZ57R/T) restriction sites. Digestion of the resultant clone with restriction enzymes NdeI and HindIII liberated the required 1.5 kbp DNA fragment (Fig. 1C) . To elucidate the enzymatic activity of the cloned α-amylase gene, we expressed the gene in E. coli strain BL21-CodonPlus(DE3)-RIL. High levels of recombinant protein were obtained as demonstrated by CBB-stained SDS-PAGE ( Fig. 2A) . Recombinant α-amylase was about 50% of the total proteins in the host E. coli. The production of recombinant protein in the insoluble aggregates is shown by CBB-stained SDS-PAGE (Fig. 2B) .
The recombinant proteins produced in the insoluble form are predominantly improperly-or miss-folded proteins with no enzymatic activity (Tabor & Richardson 1985; Rashid et al. 2001 Rashid et al. , 2002 . However, in contrast to the majority of inclusion body proteins, the recombinant α-amylase produced in E. coli in the present study was highly active. We have examined the effects of pH and temperature on the enzyme activity. At a fixed temperature of 55
• C, the α-amylase displayed Insoluble but active Bacillus licheniformis α-amylase 663 highest activity at pH 6.8. The temperature profile of the enzyme exhibited that the optimal temperature was 80
• C under our assay conditions. The enzyme displayed a specific activity of 408 U/mg under optimal conditions.
We solubilized the protein in 6 M urea and refolded it after fractional dialysis hoping that the enzyme activity would significantly increase after the transformation of the protein from insoluble aggregates to the soluble form. To our surprise the enzyme activity decreased drastically, instead of increasing, from 408 U/mg to 98 U/mg of the protein (data not shown). Similar results were also shown by clear zone formation on starch agar plates due to starch hydrolysis (data not shown).
These results indicated that being in soluble form was not the requirement for this protein for its enzyme activity. A protein can be active when it is in the insoluble aggregated form and it can be inactive while in the soluble form. This reflects that insoluble aggregates of recombinant proteins are not always an inactive product caused by inefficiency of the bacterial protein folding machinery, but can be slightly improperly folded proteins with significant enzyme activity. The results presented here demonstrate that aggregation of recombinant proteins as bacterial inclusion bodies does not necessarily make them inactive. The α-amylase produced in this study as inclusion bodies can directly be used in bioprocesses without any refolding step.
